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pyroelectric properties of human skin that detect dynamic touch and
temperature are realized in the e-skins by using piezoelectric and pyro-
electric responses of ferroelectric polymer composites composed of
poly(vinylidene fluoride) (PVDF) and reduced graphene oxide (rGO).
The intrinsic inability of the ferroelectric e-skins to detect sustained
static pressures is overcome by using the piezoresistive change in contact
resistance between the interlocked microdome arrays in the rGO/PVDF
composites (34, 35). In addition, to mimic the epidermal and dermal
microstructures observed in human finger skin, fingerprint patterns
and interlockedmicrostructures are used in the e-skins to amplify tactile
signals by static and dynamic pressure, temperature, and vibration. We
also show that the e-skin can simultaneously detect pressure and tem-
perature variations and separately resolve these stimuli via different sig-
nal generation modes such as sustained pressure (piezoresistive), tiny
and temporal pressure (piezoelectric), and temperature (pyroelectric).
As proof of concept, we demonstrate that our e-skin can perceive artery
pulse pressure as well as skin temperature simultaneously, besides
perceiving high-frequency dynamic sound waves and various surface
textures with different topological patterns, roughness, and hardness.
All of these functions are highly desirable in robotics and wearable
health care monitoring devices.
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RESULTS

Ferroelectric rGO/PVDF composite films for
temperature mapping
We fabricated flexible ferroelectric films by introducing graphene
oxide (GO) sheets in the PVDFmatrix and, subsequently, rod casting
at a low temperature (50°C for 12 hours). At this low crystallization
temperature, both PVDF/GO mixtures and pure PVDF crystallize
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
into polar phases (b-phase). The formation of polar phases in PVDF
was confirmed by x-ray diffraction (XRD) and Fourier transform in-
frared (FTIR) spectroscopy analyses (Section 1 in the Supplementary
Materials and figs. S1 to S3). Next, to increase the conductivity of the
composite films for use as piezoresistive sensors, we further reduced
the GO in the composite films by annealing at 160°C for 3 hours, dur-
ing which the brownish transparent film turned black (fig. S1A). Even
after annealing, the polar crystal structure of PVDF is still maintained
in the composite films (fig. S1A), which is not the case for pure ferro-
electric PVDFmade via solution casting at low temperature (fig. S1A)
ormade using a conventional electric poling process (36). Thismay be
ascribed to the steric effect of the existence of GO sheets adjacent to
crystalline PVDF and to the interaction between PVDFmolecules and
GO surface atoms. The solution rod castingmethod used in this study
for fabricating ferroelectric PVDF/rGO composite films is scalable.
Flexible and large-area composite films (20 × 15 cm2) are easily obtained
(inset in Fig. 2A). A cross-sectional scanning electronmicroscopy (SEM)
image of the rGO/PVDF composite film with an rGO concentration of
1 weight percent (wt %) indicates that the rGO sheets are uniformly
dispersed and stacked within the PVDF matrix (Fig. 2A). An increase
in the rGO content in the composite further increases the tendency to
form stacked rGO structures (fig. S4A).

The current-voltage (I-V) curves of the ferroelectric composite film
(1 wt % rGO) as a function of temperature show that the current in-
creases with an increase in temperature from 0° to 100°C (Fig. 2B).
When the relative resistance (DR/R0) is plotted as a function of tempera-
ture for all the PVDF/rGO composites with various rGO contents, the
resistance decreases with an increase in the temperature (Fig. 2C). This
negative temperature coefficient (NTC) of resistance is not common for
conductive composites, because most of them show a positive tempera-
ture coefficient behavior, owing to thermal swelling of the polymer
 on N
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Fig. 1. Human skin–inspired multifunctional e-skin. (A) Structural and functional characteristics of human fingertips. Fingertip skin consists of slow-
adapting mechanoreceptors [Merkel (MD) and Ruffini corpuscles (RE)] for static touch, fast-adapting mechanoreceptors [Meissner (MC) and Pacinian

corpuscles (PC)] for dynamic touch, free nerve endings (FNE) for temperature, fingerprint patterns for texture, and epidermal/dermal interlocked micro-
structures for tactile signal amplification. (B) Flexible and multimodal ferroelectric e-skin. The functionalities of human skin are mimicked by elastomeric
patterns (texture) and piezoresistive (static pressure), ferroelectric (dynamic pressure and temperature), and interlocked microdome arrays (tactile signal
amplification).
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matrix (37–39). The NTC behavior observed in our composite film can
be attributed to the change in the contact resistance between the rGO
sheets (40) by thermomechanical variation as well as the intrinsic NTC
behavior of rGO (41). Temperature-dependent resistance change can be
quantified by means of the temperature coefficient of resistance (TCR)
Park et al. Sci. Adv. 2015;1:e1500661 30 October 2015
parameter, which is defined as TCR = (∆R/R)/∆T, where R is the
resistance of the film and T is the temperature. TCR is reduced with
an increase in the rGO content (Fig. 2C). This is attributed to the de-
crease in the crystallinity of PVDF with an increase in the rGO content
in the composites (fig. S4, B and C). For demonstration, we fabricated
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Fig. 2. Temperature-sensingproperties of the flexible rGO/PVDFnanocomposite film. (A) Cross-sectional SEM imageof the rGO/PVDF composite film
with stacked GO sheets. Scale bar, 1 mm. The inset shows a photograph of a flexible and large-scale (20 × 15 cm2) rGO/PVDF composite film. (B) Current-

voltage curves of 1 wt % rGO/PVDF composite films at various temperatures. (C) Relative resistance change of rGO/PVDF composite film as a function of
temperature for various concentrations of rGO. (D) Detection of temperature distribution on the human palm. (Top) Schematic diagram of a sensor array,
where the rGO/PVDF composite film is sandwiched between gold electrode arrays (18 × 12 pixels). (Middle) Photograph of a human hand on top of the
sensor array. (Bottom) Contour mapping of electrical resistance variations for the local temperature distribution on the human palm. (E) A representative
photograph and infrared (IR) camera images of water droplets with different droplet temperatures (64° to −2°C) on the e-skins. (F andH) Relative resistance
(R/R0) and temperature (T) variations of the e-skins after contact with water droplets (F) above room temperature (25° to 64°C) and (H) below room tem-
perature (−2° to 21°C). Temperature (T) change is measured by an IR camera. (G and I) Initial stages of time-domain signals in (F) and (H) showing the
variation of relative resistance immediately after contact between e-skins and water droplets. The solid lines represent a fit derived from Eq. 1.
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flexible temperature-sensitive e-skins by placing gold electrode arrays
on the top and bottomof the film (18 × 12 pixels).When a human hand
is placed on top of the e-skins, the temperature variation over the en-
tire contact area can be mapped by the temperature sensor (Fig. 2D).
This temperature mapping capability of cost-effective flexible films is
beneficial for the continuous monitoring of the temperature variation
of human skin, which can provide clinical information for medical di-
agnosis (11).

To further investigate the temporal response of e-skins to contin-
uous temperature variations, we analyzed the dynamic changes in
e-skin resistance immediately after contact with a water droplet at
various temperatures. Figure 2E shows a representative optical
image and infrared camera images of water droplets on e-skins with
different droplet temperatures. The solid lines in Fig. 2 (F and H)
show the time-dependent resistance change of the e-skins, whereas
the dashed lines show the droplet temperatures, as monitored by an
IR camera. When a water droplet at room temperature (25°C) falls
on the e-skin at 25°C, the electrical resistance of the e-skin does not
change (Fig. 2F). On the other hand, the falling of warm water drop-
lets (38°, 50°, and 64°C) induces an instantaneous decrease in the
relative resistance to 0.74 to 0.92 (Fig. 2G). Although the resistance
rapidly decreases immediately after contact with the warm water
droplets, it then gradually increases because of the cooling of the
warm water droplet over time and finally reaches the original value
of 1 at thermal equilibrium. On the other hand, the falling of cold
water droplets (−2°, 9°, and 21°C) on the e-skins at 36°C shows the
opposite behavior (Fig. 2H). In this case, the relative resistance in-
stantaneously increases immediately after contact with the cold water
droplets and then gradually decreases because of the warming up
of the droplet to a local steady-state temperature. Here, the relative
resistance at a local steady state (R/R0 = 1.02) is slightly higher than
the original value (R/R0 = 1.00), which can be attributed to the tem-
perature difference between the water droplet at local steady state
(30°C) and the original e-skin temperature (36°C). The local steady-
state temperature (30°C) of a water droplet can be reached owing to
the temperature difference between the e-skin (36°C) and the atmo-
sphere (25°C). When the water droplet is removed from the e-skin
surface, the relative resistance recovers to the original value (fig. S5).
This result verifies that the e-skin can also detect awetting state by cold
water. For both the warm and cold water droplet measurements, the
instantaneous and subsequent gradual variations in the relative resis-
tances (solid lines) agree with the temperature variation behavior of
the water droplets. The instantaneous variation in the resistance leads
to local equilibria in the initial time domain (<0.2 s) after water contact
(Fig. 2, G and I). This behavior can be modeled as follows (Eq. 1)
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where R is the resistance of the e-skin, t is the time, and tT is the
characteristic time (Section 2 in the Supplementary Materials). The ex-
perimental data fit well to Eq. 1 with tT = 11 ms for both the warm and
cold water droplets (Fig. 2, G and I). The tT value of 11ms corresponds
to the time scale required for the overall system composed of the e-skin
and water droplet to reach local thermal equilibrium (Section 3 in the
SupplementaryMaterials). The above results demonstrate that our e-skins
enable fast and precise monitoring of temporal and spatial changes in
temperature.
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Simultaneous detection of static pressure and temperature
The planar composite film is not sensitive to the minute pressure
variations induced by the water droplet on the e-skin. The pressure
sensitivity can be significantly enhanced by using an interlocked ge-
ometry ofmicrodome arrays in the laminated composite films (Fig. 3A).
In this case, an external stress can induce deformation, which, in turn,
can induce variation in the contact area between the interlocked mi-
crodomes, resulting in pressure-dependent variation of contact
resistance. Figure 3B confirms that the pressure sensitivity of the inter-
locked microdome arrays is significantly higher than that of a planar
filmmainly because of the large change in contact area between neigh-
boring microdome arrays under external stress (34, 35). The contact
resistance of interlocked microdome arrays continuously decreases
with the increase of pressure up to 49.5 kPa, which indicates the wide
dynamic range of pressure detection (fig. S6). We also note that a de-
crease in the loading of rGO in the film improves sensitivity, which
can be attributed to the increased softness (fig. S4D) and piezoelectric
effects associated with the decrease in the rGO content. The e-skins
can detect the tiny static pressure (~0.6 Pa) of a human hair pushing
or dynamic movements of hair drawing on the e-skin (fig. S7A). Fur-
thermore, e-skins enabled the sensitivemonitoring of air flowpressure
variations ranging from 0.6 to 2.2 Pa (fig. S7B). For repetitive cycles
(5000 times at 0.3 Hz) of normal force (20 kPa), the e-skin shows no
noticeable degradation (fig. S8).

The geometry of the interlockedmicrodome array also results in a
higher TCR value (2.93%/°C) compared to the planar film (1.58%/°C)
(Fig. 3C). For interlocked microdome structures, in addition to the
intrinsic NTC behavior of the composite films, thermal expansion
and softening of the PVDF matrix lead to increased contact area
and, thus, decreased contact resistance, resulting in enhanced NTC
behavior. The TCR value decreases with an increase in the normal
pressure on the interlocked microdome arrays (fig. S9), indicating
the critical role of the initial contact area inmodulating the TCR values.
Without normal pressure, the initial contact area is very small. How-
ever, the contact area can be significantly increased by the thermal ex-
pansion of PVDF, resulting in a decrease in resistance. This effect
decreases with an increase in the initial contact area with the applica-
tion of normal pressure. Therefore, the TCR value of 3.15%/°C under
zero pressure significantly decreases to 1.2%/°C at a normal pressure
of 1.2 kPa (fig. S9). The TCR values of interlocked microdome arrays
are higher than those of film-type thermal sensors, such as carbon
nanotube films (1 to 2.5%/°C at−173° to 57°C) (42),multiwalled carbon
nanotubes/graphene flakes (0.08%/°C at 0° to 30°C) (43), and graphene
nanoplatelets (0.0371°C at 10° to 60°C) (44).

To evaluate the temporal response of interlocked e-skins to contin-
uous temperature and pressure variations at the same time, we analyzed
the time-dependent variation of e-skin resistance and water tempera-
ture immediately after the falling of a water droplet (2 Pa) at various
temperatures (Fig. 3D). The falling of a room-temperature water drop-
let on the e-skin results in a decrease in the relative resistance to 0.92,
owing to the pressure applied by the water droplet (Fig. 3E). When
warm water droplets at 40° and 60°C fall on the e-skin, the resistance
instantaneously decreases to 0.38 and 0.25, respectively, owing to both
pyroelectric and piezoresistive effects, then gradually increases because
of the cooling of the warm water droplet over time, and finally reaches
the resistance value of 0.92 at thermal equilibrium, which corresponds
to the static pressure applied by the water droplet. When the water
droplet pressure is changed (Fig. 3F), the equilibrium value of relative
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